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ABSTRACT: Contrary to prediction, a large intraspecific variation can be observed in reproductive timing of free-spawning marine organisms. The relative contributions of heritable genetic differences and phenotypic plasticity to this variation have remained unstudied. To do so would require experimental extension of the natural spawning season in cases where the windows of gamete release do not overlap. We tested the use of the selective serotonin re-uptake inhibitor fluoxetine (the active ingredient of Prozac) to initiate spawning in the marine bivalve Macoma balthica. In 5 experiments we attempted to induce spawning, applying 1 ppm fluoxetine versus a control group to M. balthica which were kept in the lab for up to more than a month after the natural spawning season. Both the fluoxetine and the control clroup received a A preceding temperature shock, which is indispensable for the onset of suawnina. We conclude that fluoxetine effectively induces spawning in M. balthica and helps obtain fertile gametes after the natural spawning season. We d~scuss the usefulness of fluoxetine as a tool for studylng the origln of intraspecific variation in reproductive timing.
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In free-spawning sedentary marine organisms the synchrony of the timing of gamete release is crucial to reproductive success. As gametes drift away from their parents, their concentration decreases and so does the probability of fertilization ( Levitan et al. 1991 , Levitan 1993 . For this reason, individuals of a local population should spawn at exactly the same time. The scale over which such synchronization is observed in the field does not always confirm this prediction. In Macoma balthica timing of gamete release is known to vary with microhabitat (Thompson & Nichols 1988) . Moreover, some free-spawning species appear not to spawn in synchrony even within a patch (Levitan 1988 , Babcock et al. 1992 . The origin and consequences of intraspecific variation in reproductive timing are well discussed but hardly resolved. Variation in the timing of spawning could result in reproductive isolation (Bush 1975) , subsequent population differentiation and, eventually, speciation (Knowlton 1993 , McClary & Barker 1998 .
To estimate which part of intraspecific variation in reproductive timing is due to phenotypic plasticity and which part to genetic differentiation, it is necessary to make controlled crosses within and between phenotypes in the laboratory. The latter is impossible when natural reproductive windows of phenotypes do not overlap. In some species (e.g. oysters Ostreidae), artificially increasing the length of the reproductive season can be accomplished by stripping gametes out of ripe gonads (Loosanoff & Davies 1963) . In other species, controlled induction of spawning is the only way to successful fertilization.
In a number of bivalve mollusks, the neurotransmitter serotonin (5-hydroxytryptamine) controls, at least partially, the onset of spawning (Gibbons & Castagna 1984 , Hirai et al. 1988 , Ram et al. 1993 . One possibility to induce spawning in those bivalves is by administering serotonin (Gibbons & Castagna 1984) . Another possibility is the inhibition of re-uptake of serotonin in synapses using so-called selective serotonin re-uptake O Inter-Research 1999
Resale of full article not permitted inhibitors (SSRIs). Although the precise mechanism remains unknown, effects of SSRIs on induction of spawning have recently been demonstrated by Fong (1998) and Fong et al. (1998) .
Although serotonin is more widely used as an inducer of spawning, SSRIs are preferable because of their low effective concentration and therefore low costs (Fong 1998) . We tested the suitability of the SSRI fluoxetine (N-methyl-3[p-trifluoromethylphenoxy]-3phenylpropylamine, fluoxetine, the active compound of the human prescription drug Prozac) as a tool for studying the origin of variation in reproductive timing in the marine bivalve Macoma balthica (L.) (Tellinidae). In this species a large variation in timing of reproduction can be observed at several scales. At the microhabitat scale, spawning occurs over a time span of a few weeks. Across microhabitats and between geographical sites, spawning occurs from early February until the end of August (Harvey & Vincent 1989) . Two non-overlapping spawning seasons have been reported at 2 southern distributional limits: San Francisco Bay (USA) (Nichols & Thompson 1982) and the Gironde estuary, France (Bachelet 1980). Some observations suggest delayed spawning in subtidal microhabitats (Harvey & Vincent 1989, pers. obs.) . Giinther et al. (1998) even found a bimodal distribution of the presence of pelagic M. balthica larvae in the German Wadden Sea with maxima in April/May as well as in the period September to December.
For our experiments, adult mature Macoma balthica were collected at an intertidal mudflat of Ba1gzan.d in the southwestern part of the Dutch Wadden Sea. Prior to the expected spawning period, at the end of March or the beginning of April 1998, ca 2000 individuals were collected and transferred to 10 small basins (l X b X h = 30 X 20 X 6 cm) filled with sediment. The basins were placed in a large storage container (I X b X h = 2 X 0.6 X 0.6 m). Fresh sand-filtered sea water was provided at a flow rate of 6 1 min-'. The temperature of the streaming sea water was kept at 8.5"C. Each day the animals were fed with fresh phytoplankton which was collected in the Marsdiep, the tidal channel between Den Helder and Texel. For M, balthica the temperature range at which spawning can be initiated is 7 to 14OC (Caddy 1967 , De Wilde 1975 , Gilbert 1978 , Harvey & Vincent 1989 . The time window when these temperatures were reached in the southwestern part of the Wadden Sea and when spawning took place in the source population of M. balthica used in our experiments is shown as the shaded area in Fig. 1 .
Our first observations and experiences suggested that successful stimulation of spawning could only be achieved if a short 'cooling period' was given just prior to the induction of spawning. The spawning success (expressed as the percentage of animals releasing Fig. 1 . Macoma balthica. Percentage of mature bivalves that could be induced to spawn in the laboratory using only a sudden increase in water temperature as the trigger (W. The shaded area indicates ihe spawning period in the field at the place of origin of our experimental animals. The data of the experiment performed to test the effect of Prozac, mentioned in Table 1 , can be found in this figure too (temperature treatment control [ . ] ; Prozac + temperature treatment, [o]) gametes) was consistently low when animals were taken from the storage container (water temperature of 8.5"C) and immediately transferred to a 100 m1 beaker containing sea water with a temperature of 12.5"C (and thus experiencing a temperature-shock of only 4°C). Thus, to obtain more spawning individuals, 1 to 3 d before experiments were performed, a group of Macoma balthica was placed in a refrigerator at 4°C (about 100 individuals per treatment). After this cooling period the animals were placed individually in 100 m1 beakers containing fresh sea water with a temperature of 12.5"C. M. balthica thus experienced a temperature shock of 8.5"C. As described by other authors, such a temperature shock can be used as a spawning-trigger (De Wilde & Berghuis 1978). For more details about the method used see Honkoop & Van der Meer (1997 , 1998 .
If animals were placed at 4°C 1 to 3 d before spawning was initiated, the percentage of spawning individuals amounted to over 50%. Note that this percentage is higher if we discount the occasional (immature or sick) individuals incapable of spawning. Shortly before and during the days of the natural spawning period (the beginning of April, see the time window in Fig. l) , the percentage of individuals that could be triggered to spawn (only using a temperature shock) was relatively high. After an extended storage period, it was more difficult to elicit spawning in mature individuals, and the percentage of spawning individuals remained re!atively low (squares in Fig. 1 ). Although no adequate experiments were performed to specifically study the 1978) , we conclude that a 'cooling step' is necessary to stimulate a successful spawning event in the laboratory.
We tested whether fluoxetine, in combination with a temperature shock, was able to induce spawning in Macoma balthica and whether this treatment resulted in higher percentages of spawning individuals than a preceding cooling step alone. A stock solution of fluoxetine was obtained by dissolving the prescription drug Prozac (Eli Lilly) in demineralised water until a final concentration of the stock solution of 20 mg fluoxetine per 100 m1 (6.5 x 10-4 m01 1-'). A total of ca 100 individuals of M. balthica were, after a storage period at 4'C for 1 to 3 d, randomly assigned to individual treatments, and individually placed in a 100 m1 beaker containing 50 m1 sea water with a temperature of 15°C. After an acclimation period of 30 min when most individuals showed pronounced siphonal activity, 1 m1 of the fluoxetine stock solution was added. Control groups received 1 m1 demineralised water. After 30 min, 50 m1 fresh sea water with a temperature of 15°C was added to each beaker (the total volume of sea water was thus 100 ml, and the final fluoxetine concentration was 1 ppm). The effect of fluoxetine was obvious (Table 1 ). In 4 of the 5 replicate experiments a significantly higher percentage of individuals spawned in the presence of 1 ppm (3.2 X 10-"01 1-l) Prozac (x2 test, p < 0.05), whereas the fifth experiment came close to significance (X' test, p 0.1). Thus, with the help of Prozac it was possible to obtain gametes in May, more than a month after the natural spawning period. The gametes were also fertile, as they led to fertilized eggs and viable larvae (unpubl. data).
Although more experiments may be necessary to optirnize the initiation of spawning with respect to the optimal concentration of Prozac, it is clear that Prozac can be used to initiate spawning in marine bivalves just as well as in freshwater bivalves (Fong 1998) . The effect of Prozac is most pronounced if a cool period is given before the sudden temperature elevation. The technique will now allow us to study the genetic and functional aspects of reproductive timing in manne bivalves such as A4acoma balthica.
